A growing understanding of the molecular events in age-related macular degeneration (AMD) has lead to targeted therapies for a select group of patients with advanced AMD. Development of therapies for the earlier stages requires further elucidation of disease mechanisms. In this study, a proteomics approach was used to identify proteins that had altered content in human donor eyes with progression of AMD. METHODS. The early molecular events associated with AMD were identified by comparing the proteome of the macular and peripheral neurosensory retina during four progressive stages of AMD. Proteins were resolved and quantified by two-dimensional gel electrophoresis. Twenty-six proteins exhibited changes in content and were identified by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry. Two-dimensional (2-D) and semiquantitative one-dimensional (1-D) Western blot analyses were used to determine whether changes identified by proteomic analysis were specific for a protein subpopulation or representative of the entire protein population. RESULTS. Twenty-six proteins were identified that exhibited changes at disease onset or with progression (indicating potential causal mechanisms) and at end-stage disease (indicating potential secondary consequences). These proteins are involved in key functional pathways, such as microtubule regulation and protection from stress-induced protein unfolding. Approximately 60% of the proteins exhibited changes specific to either the macula or periphery, with the remaining 40% changing in both regions. These results imply that both the macula and periphery are affected by AMD. CONCLUSIONS. This study provides the first direct evidence of AMD stage-and region-specific changes in retinal protein levels and highlights potential novel, disease-related proteins and biochemical pathways for future studies of AMD. (Invest Ophthalmol Vis Sci. 2006;47:2280 -2290 and pharmacotherapy targeting the increased expression of vascular endothelial growth factor (VEGF) 5 have been shown to attenuate vision loss. Although progress is being made in the management of discrete subpopulations of patients with AMD, treatments for most individuals with AMD remain limited. The continued development of therapeutic strategies requires a greater understanding of the genetic and molecular events associated with AMD.
A ge-related macular degeneration (AMD) is the leading cause of vision loss and blindness in individuals over age 60 in the developed world. 1, 2 This disorder is characterized by the loss of central vision caused by pathologic aging of the macula. Treatments for AMD are rapidly evolving and some newer therapies now target specific biochemical events. For endstage neovascular AMD, the use of photodynamic therapy 3, 4 and pharmacotherapy targeting the increased expression of vascular endothelial growth factor (VEGF) 5 have been shown to attenuate vision loss. Although progress is being made in the management of discrete subpopulations of patients with AMD, treatments for most individuals with AMD remain limited. The continued development of therapeutic strategies requires a greater understanding of the genetic and molecular events associated with AMD.
AMD is a complex disorder involving multiple anatomic layers including the neurosensory retina containing photoreceptors and six other cell layers, the retinal pigment epithelium (RPE), the underlying Bruch's membrane, and the highly vascular choroid. Although each of these tissues has been implicated in AMD pathogenesis, 6 -10 this study focused on the neurosensory retina. Several lines of evidence provide the rationale for our focus. For example, the degeneration of rod photoreceptors precedes RPE atrophy and drusen formation. [11] [12] [13] [14] Many clinical features presented in AMD are also seen in patients with a mutation in the peripherin/retinal degeneration slow (RDS) gene that encodes a photoreceptorspecific protein. 15 Furthermore, macular translocation causes recurring neovascularization or geographic atrophy in the RPE and choroid underlying the translocated macula, 16 -18 suggesting that factors originating from the neurosensory retina potentially stimulate either apoptosis or angiogenesis.
Another clinical finding in AMD that warrants further investigation is the apparent greater susceptibility of the macula to degeneration when compared with the peripheral retina. This susceptibility can be partially explained by anatomic and physiological differences between the two regions. For example, the population of photoreceptors is clearly distinct in each region; the macula contains a proportionately higher density of cones than does the periphery. 9 The increased metabolic activity, elevated blood flow in the choroid, and exposure to focused light energy also distinguish the macula from the periphery. 19 Although these differences have been well described, further investigations to explain the molecular basis for the region-specific differences in susceptibility to degeneration are needed.
In the present study, we performed a detailed comparison of the neurosensory retina proteome from the macula and periphery during progression of AMD. Human donor eyes were categorized into four progressive stages of AMD using the Minnesota Grading System (MGS). 20 The MGS uses the criteria from the Age-Related Eye Disease Study (AREDS), 1, 21 considered to be the standard in clinical studies of AMD, and is based on clinical definitions from large epidemiologic studies. 22 Our grading system thus provides a unique opportunity for distinguishing protein changes occurring at early disease stages, potentially reflecting causal mechanisms, from changes that occur in end-stage disease, potentially reflecting secondary effects of AMD. By using comparative proteomic analysis, including high-resolution two-dimensional (2-D) protein electrophoresis, mass spectrometry (MS), and 2-D and one-dimensional (1-D) Western blot (WB), we performed a comprehensive investigation of protein-specific changes occurring at progressive stages of AMD. This information narrows the focus for future investigations to examine specific proteins and biochemical pathways that are relevant to AMD progression.
METHODS

Grading Donor Eyes
Eyes obtained from the Minnesota Lions Eye Bank were acquired with the consent of the donor or donor family to be used for medical research in accordance with the principals outlined in the Declaration of Helsinki. After enucleation, eyes were maintained at 4°C in a moist chamber until dissection and photographing were achieved. Dissection of the sensory retina was performed as reported previously.
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Criteria established by the MGS were used to determine the stage of AMD. 20 The stages of AMD are referred to as MGS1 (minimal or no AMD) through MGS4 (severe AMD), corresponding directly with the AREDS classification system. 21 MGS1 represents our control group and includes individuals with either no or a few, small drusen. MGS2 is considered an early stage of AMD (i.e., having more numerous small drusen and possible pigmentary changes). The most clinically relevant change in prognosis for future vision loss occurs from AREDS categories 2 to 3. These categories correspond to the change from MGS2 to -3. MGS3 is defined primarily by numerous intermediate sized drusen or noncentrally located geographic atrophy. Advanced AMD (MGS4) corresponds to central macular damage from either geographic atrophy (atrophic AMD), or active choroidal neovascularization (exudative AMD). In the present study, all MGS4 samples were exudative AMD. Based on clinical examination of the neurosensory tissue, donor eyes were screened for and excluded if other ocular diseases were observed clinically, such as glaucoma or diabetic retinopathy.
Preparation of Retinal Homogenates
Retinal homogenates were prepared as described. 23 In brief, a trephine punch of 8-mm diameter was centered over the macular area to separate the macula from the periphery. The neurosensory retina was then carefully peeled away from the RPE layer and homogenized (ϳ15 passes in a glass homogenizer with a Teflon pestle) in buffer containing 20% sucrose, 20 mM Tris-acetate (pH 7.2), 2 mM MgCl 2 , 10 mM glucose, and 2% CHAPS (3-([3-cholamidopropyl] dimethylammonio-2-hydroxy-1-propanesulfonate). The retinal homogenates were then centrifuged at 100g, the supernantant retained, the pellet rehomogenized, and both supernatants combined before centrifugation at 600g. The supernatant from the final spin was stored at -80°C. Protein concentrations were determined using the bicinchoninic acid (BCA) protein assay reagents (Pierce Biotechnology, Rockford, IL). Bovine serum albumin was used as a standard.
Rat Retinal Protein Stability
Five-month-old Fischer 344 rats were purchased from the Veterinary Medical Unit at the Minneapolis Veterans Affairs Medical Center's aging rodent colony, which is maintained by the University of Minnesota. An animal protocol was approved by the Institutional Animal Care and Use Committee of the University of Minnesota and followed guidelines established by the Association for Research in Vision and Ophthalmology. In these experiments, the conditions of human donor eyes were replicated to mimic eye bank conditions. For example, bodies were maintained at room temperature for 2.5 hours then refrigerated until enucleation at 4.5 hours after death. After enucleation, eyes were stored in a moist chamber until retinal dissection was performed. Two rats were used for each time point. After rats were euthanatized with carbon dioxide, one eye from each rat was immediately enucleated, and retinas were dissected and frozen at -80°C. Eyes processed immediately after death served as the control for the remaining eyes that were dissected at one of six time points ranging from 2 to 12 hours postmortem. Frozen retinas from two rat eyes were combined and processed as outlined for human retinas. Retinal proteins were resolved by 1-D SDS-PAGE. Protein profiles from each time point were aligned and quantitated used Quantity One software (Bio-Rad, Hercules, CA) comparing the control retinas with their companions harvested at a later time after death. Two separate experiments gave identical results.
2-D Gel Electrophoresis
Conditions for 2-D gel electrophoresis were as described elsewhere. 24 2-D gels were loaded with 150 g of retinal protein. The first dimension used a pH 5 to 8 linear gradient (Bio-Rad), and the second dimension was 12% SDS-PAGE. Gels were silver-stained with a MScompatible kit (BioRad). These conditions were previously determined to be optimal for linearity of most protein spots.
Western Immunoblot of 1-D and 2-D Gels
After 12% SDS-PAGE for either 1-D or 2-D gels, retinal proteins were transferred to polyvinylidene difluoride (PVDF) membranes as previously described. 24, 25 For 1-D resolution of protein, the loads used (8 -30 g) were within the linear range of response for each antibody. PVDF membranes were probed with one or more of the primary monoclonal or polyclonal antibodies in Table 1 . Goat anti-rabbit, goat anti-mouse, and donkey anti-chicken alkaline phosphatase-conjugated secondary antibodies were used in conjunction with BCIP-NBT (-bromo-4-chloro-3-indoyl phosphate-nitroblue tetrazolium) to visualize immunoreaction. Membranes were imaged (Fluor-S Multi-Imager; BioRad) followed by quantification (Sigma Scan; SPSS, Chicago, IL). All 1-D densities were normalized to a standard used on all blots for comparison, as previously described.
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Mass Spectrometry Protein Identification
Preparation and analysis of protein spots for mass spectrometry were as described. 24 Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) was performed to obtain peptide mass fingerprints (QSTAR XL quadrupole-TOF mass spectrometer; Applied Biosystems Inc. (ABI), Foster City, CA). 24 Peptide peaks were submitted to Mascot (www.matrixscience.com) to obtain initial protein identification. Positive identification was based on a significant Molecular Weight Search (MOWSE) score and mass tolerance less than 50 parts per million.
Confirmation of initial identities was obtained by peptide mass sequencing using either MALDI or electrospray ionization (ESI) MS. Peptides analyzed by ESI were separated by liquid chromatography online (QSTAR Pulsar quadrupole TOF; ABI) and ionized as described. 24 
2-D Gel Analysis
Gel alignment and protein spot densities (spot volume) were quantified (PDQuest software 7.1.1; Bio-Rad) after normalization to total protein load. Automatic spot detection was followed by manual inspection and editing. Log 2 -transformed density values were used for statistical analysis.
Statistical Analysis and Selection of Protein Spots for Mass Spectrometry
To determine the number of samples necessary to detect statistically significant changes between groups, a power analysis was performed. 26 The analysis was based on within-group variation in the intensity of individual spots from 2-D gels.
Three models for changes in protein content were tested. In cases in which 2-D gels showed poor spot matching or spots were absent, these data were excluded. Protein levels were screened for patterns that exhibited changes with onset of the disease (change between MGS1 and all other MGS levels), changes that may occur secondarily (changes that occur at MGS4 vs. other levels), and changes that proceed linearly throughout advancing stages of the disease. Because three patterns were tested, a Bonferroni correction was used. Thus, for each test a critical value of 0.017. For both change at onset and end stage, Student's t-test was used. Parametric tests for equal variance were used unless there was unequal variance, in which case the parametric Aspin-Welch test was used. In the case of a non-normal distribution, the Whitney-Wilcoxon test was used. To test for linear changes in protein levels, linear regression analysis was performed comparing the stage of MGS. Multiple regression was performed to test for an interaction between age and stage. Our results showed no significant age and stage interaction except for those noted on Table 3 .
The same models were tested with the 1-D immunoblot data. However, for two cases (HOP and VDAC in the macula), outliers were removed. One-way ANOVA was performed on times from death until freezing between groups. Linear regression analysis was performed to compare spot density with time from death to freezing. All statistical tests were two sided with ␣ ϭ 0.05, unless noted.
RESULTS
Experimental Design
In this study, the macula and periphery of the neurosensory retina were analyzed separately to identify region-specific differences in protein content. Our rationale for this design was based on the preferential deterioration of the macular region in AMD.
The MGS 20 was used to classify donor eyes into four progressive stages (MGS1 to -4). MGS stages are defined by the number and size of yellow deposits (drusen), RPE pigmentary changes, RPE atrophy, and the presence of neovascularization. MGS1 serves as the control group. MGS2 represents early stage AMD, MGS3 is an intermediate stage, and MGS4 is considered end stage (late) AMD. MGS4 is further subdivided into individuals with (exudative AMD) or without (atrophic AMD) neovascularization. In the present study, all MGS4 donors had exudative AMD.
Demographic and clinical information for donor eyes obtained from the Minnesota Lions Eye Bank is summarized in Table 1 . The average time to enucleation was 4.5 Ϯ 1.7 hours (mean Ϯ SD, n ϭ 44), which is similar to times published in a previous proteome analysis of drusen. 27 After enucleation, eyes were refrigerated until photographing, grading, dissection, and tissue freezing were accomplished. The average time from death to tissue freezing was 16.7 Ϯ 4.4 hours (mean Ϯ SD, n ϭ 44). There were no significant differences in time between the four MGS groups. Donors with a known history of diabetes or eye disease other than AMD were excluded from this study. Only eyes from white donors were used in the study.
A minimum of seven samples per region from each MGS category was used. A power analysis based on the variation in intensity of individual spot intensities from 2-D gels indicated that this number was sufficient to detect at least a two-fold change in intensity with 80% power and ␣ ϭ 0.05. A total of 584 spots in the macula and 524 spots in the periphery were clearly resolved and analyzed. Linear regression was performed (spot density versus time from death to freezing) to evaluate the postmortem stability of retinal proteins. We found no significant time-dependent change in intensity for Ͼ95% of retinal proteins examined, and no change for those spots highlighted in our results. These results indicated no significant degradation occurs within the time scale of our analysis. In addition, replication of eye bank conditions and tissue freezing of rat retinas at time points between 0 and 12 hours resulted in no apparent change in retinal protein content (data not shown). These results indicated proteins from the neurosensory retina are resistant to postmortem changes.
Expression Analysis and Protein Identification
Statistical analyses of spot densities were performed to test three models that describe changes in content at disease onset (early stage, MGS2), linear changes with disease progression, and changes in the late (MGS4) or end stage of the disease (Table 2 ). Spots changing early or with progression of the disease may reflect potential causal mechanisms. End-stage changes are likely to reflect secondary consequences of the disease. Protein spots with altered levels in either the macula or periphery are indicated in a representative silver-stained gel (Fig. 1A) . A representative spot (#18a) demonstrating decreased content at disease onset appeared on all gels included in the macular analysis (Fig. 1B) . Due to the differences in mean ages between MGS stages (Table 2) , multiple regression analysis was performed to determine whether age significantly influences the results. With the exception of the proteins noted in Table 3 , there was no significant interaction between age and stage. This allows us to conclude that proteins identified in this study are altered specifically due to the stage of disease.
A total of 34 spots changed with MGS category (Figs. 1A, 2 , Table 4 ). Five unique spots in the macula and 15 unique spots in the periphery exhibited region-specific changes in content. Fourteen additional spots either changed significantly in both regions or were significantly altered in one region with a similar trend (P Յ 0.1) in the alternate region. One spot (#9) exhibited opposite changes between regions. Thus, while a subset of spots demonstrated region-specific differences, there was significant overlap between the macula and periphery.
Initial protein identities were obtained using MS and confirmed by either tandem MS sequencing of peptides or by a positive immune reaction on 2-D WB (Table 4 , Fig. 3 ). Immune reactions on 2-D WB provided additional information regarding the distribution of spots for each protein and the relative contribution of each isoelectric variant in the population (Fig.  3 , Table 5 ). In most cases, a single protein resolved into multiple protein spots (isoelectric variants). Differences in migration are probably due to posttranslational modification or proteolytic processing that alter the protein's intrinsic charge or size, respectively. When possible, 1-D WB was subsequently performed to provide a semiquantitative measure of protein content for the entire population of isoelectric variants (Fig. 4) .
Data regarding protein population distribution and levels are summarized in Table 5 . There was good agreement in the direction of change between density on silver stained gels and immune reaction on WB when the spot accounted for most of the proteins. For example, the two protein spots (#17a, #17b), identified as GUK, and accounting for 100% of the population all exhibited decreased density on 2-D gels. This downregulation in macular content was confirmed by WB analysis. In contrast, only one spot (#8), which accounted for ϳ60% of the multiple isoelectric variants associated with cellular retinoic acid binding protein (CRABP), exhibited decreased macular expression (Fig. 3D) . One-dimensional WB showed no significant change in expression suggesting only a subpopulation of CRABP is changing with the disease. These examples highlight the value of using multiple techniques to provide a more comprehensive analysis of protein content.
Region-Specific Expression Changes
Only three proteins with altered content exclusive to the macular region were identified ( Fig. 2A, Table 4 ). Two proteins were altered at onset or with disease progression and one protein exhibited end-stage changes. Ten proteins changed exclusively in the peripheral region ( Fig. 2B; Table 4 ). Seven proteins were altered at onset or with disease progression and three proteins exhibited changes at end stage.
Binding protein (BiP) was identified in a spot (#22) that exhibited decreased content with disease onset. Migration of this spot was at a mass lower than expected for BiP, suggesting proteolysis had occurred. Because only N-terminal peptides were detected in the MS full scan and the spot reacted using an Table 3 . (B) Spot #18a from the macula of each donor (MGS1 to -4) included in the analysis is shown from the 2-D comparison program. This spot corresponds to a decrease in content with onset (Fig. 1A, Fig. 2C, Table 3 ). M, the computer-generated master gel used for spot matching.
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Expression Changes Common to both Macula and Periphery
Twelve proteins exhibited either significant changes in content for both regions or were significantly altered in one region with a trend (P Յ 0.1) in the alternate region (Table 4) . We report trends because they may provide biologically meaningful information about the sequence of region-specific changes during disease progression. Ten proteins were altered at onset or with disease progression, and two proteins were altered at end stage. Content of endoplasmic reticulum protein 29 (ERp29) was altered at disease onset according to the 2-D gel analysis (Fig. 2C) . Semiquantitative 1-D WB revealed no significant differences in immune reaction between MGS stages (Fig. 4 , Table 5 ). A nonsignificant change in total density of this protein was not surprising, given that only one spot (#18a), accounting for 33% of the total ERp29, exhibited altered content. However, in the periphery, both isoelectric variants (#18a, #18b), accounting for 100% of the population, showed decreased levels. A possible explanation for the observed anomaly is that ERp29 is a soluble protein that is located in the endoplasmic reticulum. The difference in results from 2-D and 1-D gels may reflect the reduced solubility of a protein localized inside an organelle that would limit its ability to resolve in the first dimension during 2-D gel electrophoresis.
Another conflict between 2-D and 1-D analyses was observed for ␣A crystallin. The majority (ϳ98%) of ␣A crystallin migrated as a single spot (#11) ( Fig. 3C ; Table 5 ). The immune reaction on 1-D WB exhibited increased levels in the macula (P ϭ 0.004; Figs. 4A, 4B). However, 2-D gel analysis showed decreased density of the major ␣A crystallin spot in the periphery. The apparent decrease in density on 2-D gels could be due to irregular staining of this protein, a property unique to silver staining of glycosylated proteins. 28 Therefore, the immune reaction on 1-D WB is likely to provide a more valid measure of the total content of this protein.
DISCUSSION
In the present study, we performed a global protein analysis on the macula and periphery of the neurosensory retina from donor eyes categorized for AMD using the MGS for postmortem eye bank tissue. 20 By using the MGS in conjunction with proteomics, we identified significant region-specific changes in protein content at distinct stages of AMD. Furthermore, examination of postmortem donor eyes allowed us to study the human disease process directly.
In a parallel study performed in our laboratory, we analyzed the proteome of RPE from donor eyes categorized using the MGS. 29 Comparison of the major results from the RPE and neurosensory retina shows a significant decline in chaperones and stress-related proteins early in the disease. In contrast, there were several changes unique to each tissue. For example, data from the macula and periphery, respectively, for the corresponding protein spots between each region. O, L, E above the bars: spot density fits a model of change differing from that in the alternate region. Data are the mean (Ϯ SEM) spot densities for MGS1 (gray), MGS2 (hatched), MGS3 (vertical), MGS4 (white) that were normalized to MGS1. Asymmetric error bars: back-transformed density values from log 2 . Spots #2 and #19 are not represented. **P Յ 0.017 (significance adjusted for testing 3 models), *P Յ 0.05, ٙ P Յ 0.1. All probabilities (including #2 and #19) are listed in Table 3 . n ϭ 4 to 9 observations/level.
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Retinal Proteome with AMD Progression 2285 the RPE exhibited altered content of several proteins involved in mitochondrial protein trafficking and refolding, whereas results from the neurosensory retina strongly indicated the microtubule pathway was affected. Thus, results from our coordinated proteome analysis of both the neurosensory retina and RPE highlights the importance of studying both tissues of the retina to provide a more comprehensive understanding of the disease process. There are several important outcomes of this study. First, this global investigation of protein changes narrows the focus to specific proteins and pathways that may play a key role in the disease process. This information provides a rational basis for in-depth studies to investigate the consequences of altering the content of specific retinal proteins and pathways. Second, because the four MGS stages correspond with the classification of AMD described in the AREDS report, 21 our results are applicable to large clinical trials and epidemiologic studies that use the AREDS definitions. This should facilitate translation of our findings at the molecular level to the clinical disease. Finally, the pattern of protein change may help distinguish between potential causal mechanisms (changes occurring linearly or at disease onset) from secondary effects of the disease (changes occurring at end stage). This information could eventually be used to develop pharmacotherapies targeted at the fundamental biochemical defects and attenuate disease progression before vision loss.
Our experimental approach used high-resolution 2-D gel protein analysis, MS, 1-D and 2-D WB to provide a more comprehensive analysis of protein-specific changes that occur with AMD. The use of 2-D WB helped identify the distribution of spots associated with specific proteins that may reflect functionally distinct subpopulations. Isoelectric variants can reflect either proteolytic processing or changes in intrinsic charge due to posttranslational modifications. For some proteins, isoelectric variants have been shown to alter protein function or subcellular localization. 30 Conversely, changes in a subpopula- tion of spots that constitute only a minor portion of the total population may have little impact. Thus, the functional significance of protein changes limited to a subpopulation will require further study. 1-D WB provided an estimate of the total content of specific proteins and helped distinguish proteinspecific changes in content. In addition, 1-D WB provided a valid alternative method for the use of density on silver-stained gels to estimate the content of proteins that stain irregularly, such as seen with ␣A crystallin. Several limitations inherent to 2-D gel resolution have influenced our results. Although this technique provides superior resolution of soluble proteins, most membrane proteins are not resolved in the first dimension and consequently are not present on 2-D gels. Proteins in low abundance are often below the detection limit and would be poorly represented in this analysis. Resolution in the first dimension is limited by the selection of the pH range. In the present study, we used a pH range of 5 to 8 because it provided optimal resolution of the greatest number of proteins. The low number of samples included in each group would also limit our ability to find statistically significant differences in content. Considering these caveats, the number of proteins identified in the present study is a conservative estimate of the actual number changing with AMD.
Approximately 60% of the proteins identified as having altered content in this study exhibited region-specific changes in protein levels. The remaining 40%, including proteins demonstrating trends in alternate regions, exhibited changes common to both regions. The clinical observation of accelerated degeneration of the macula with AMD suggests that molecular changes occur predominantly in the macula. Our data do not support this idea, since only ϳ10% of the total protein changes identified were exclusive to the macula. It appears that the disease also impacts the peripheral retina. Clinical data that support results from the current proteomic analysis have shown degeneration of the peripheral retina concomitant with macular degeneration. 31 Another study reported ϳ20% of patients with AMD present features, such as drusen and geographic atrophy, in both the macula and periphery. 32 A more recent study suggested that this global manifestation of the disease may reflect a genetic component behind retinal cell dysfunction since peripheral features, such as drusen, exhibited a familial linkage. 32, 33 Therefore, the accelerated degeneration of the macula is probably due to a combination of genetics, and the unique features (concentrated light energy and highly oxygenated tissues) that make this region more susceptible to environmental insults.
Our analysis of protein content revealed 26 proteins changing during the progression of AMD. Two groups of functionally linked proteins are particularly interesting. One group (tubulin, prefoldin-1, TCP-1, cofactor a, stathmin) is involved in microtubule formation and regulation. These proteins exhibit a pattern of decreased protein levels (at onset or linearly) suggesting their involvement in the early pathogenesis of AMD. Formation of microtubules requires tubulin, the main component of microtubules, to interact with several cofactors, including cofactor a. 34 Interaction of tubulin with chaperone complexes that include prefoldin-1 and TCP-1, involved in tubulin transport and folding, is also necessary for microtubule assembly. 35, 36 Stathmin regulates the process of microtubule remodeling that is involved in maintaining retinal plasticity and during retinal regeneration. 37, 38 Decreased expression of stathmin has also been reported with neurodegenerative diseases such as Alzheimer's. 37 The diminished levels of proteins involved in microtubule formation could result in a loss of retinal plasticity and regenerative capacity.
Although microtubule proteins are globally expressed in all cells of the neurosensory retina, a large concentration of microtubules is present in the photoreceptors where they facilitate protein transport between the inner and outer segments. A disturbance in the microtubule-based cytoskeleton within photoreceptor outer segments may contribute to a loss of photoreceptors. 9 Because the greatest photoreceptor loss occurs in the macula, 14, 23 it is reasonable to postulate that the decreased levels of microtubule proteins corresponds directly to the disease-induced loss in photoreceptors. However, our data showed a significant decrease in content of microtubule proteins in both regions suggesting that changes are not exclusive to photoreceptors. However, because our neurosensory retina preparation contains photoreceptors in addition to six other retinal cell types, we cannot discriminate the exact cellular site of altered protein levels.
A second group of functionally linked proteins demonstrating altered protein levels with progressive AMD are the chaperones HOP, HSP60, ␣A crystallin, and ␣B crystallin. HOP and mitochondrial HSP60 content was downregulated, whereas Western blot analysis showed that protein levels of ␣A crystallin and ␣B crystallin were upregulated. HOP is a promiscuous cochaperone that modulates the activity of HSP70 and HSP90 in protein folding. 39 HSP60 is localized to the mitochondria, where it participates in the trafficking and folding of mitochondrial matrix proteins. 40 ␣A-and ␣B-crystallin are small heat shock proteins that protect against aggregation of partially unfolded proteins. Upregulation may reflect a cellular response to oxidative stress. 41, 42 The chaperones identified in this study may be mechanistically involved in AMD pathogenesis through their role in regulating apoptotic cell death. 43 Because AMD is a multifaceted disease that probably reflects complex relationships between several pathophysiological pathways, diverse experimental approaches are necessary for thoroughly examining the underlying cellular processes. For example, the identification of complement factor H polymorphisms associated with AMD built on several lines of evidence obtained from distinct approaches including immunohistochemistry, 44 human genetics, [45] [46] [47] [48] and proteomic analysis of drusen. 27 In a parallel example from our own study, we found downregulation of GUK, a protein that is involved in the cGMP cycle required for phototransduction. Genetic analysis also implicated GUK as a candidate gene linked to AMD and other retinal degenerations. 49 In summary, the biochemical changes identified in the present study represent novel contributions toward understanding AMD pathophysiology. Our proteomic analysis identified regional changes at all stages of the disease, including those that precede vision loss. These results further elucidate the molecular basis of AMD, a requisite step in designing therapeutic approaches that attenuate disease progression.
